<l

- GPO PRICE $

CSFTI PRICE(S) $

Hard copy (HC) 3, 0O
Microfiche (MF) 65

FINAL REPORT  e5s suyes

iR CHARACTERIZATION OF RECOMBINATION AND
CONTROL ELECTRODES FOR SPACECRAFT
= | NICKEL-CADMIUM CELLS |

by
W. N. Carson, Jr., G. Rampel and 1. B. Weinstock

prepared for
- NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

[ January 1968
CONTRACT NAS 5-10261

(THRU)
D=
(CATEGORY)

Goddard Space Flight Center
?"Q‘; Greenbelt, Maryland
Ny

(
RECEIVED ,
NASA ST FACILITY &5

GENERAL @ ELECTRIC

Battery Business Section

Gainesville, Florida

(ACCESSION NUMBER)
93427

(PAGES)

C Q-

(NASA CR OR TMX OR AD NUMBER)

F %09 WHO4 ALITIDVA




FINAL REPORT

CHARACTERIZATION OF RECOMBINATION
AND CONTROL ELECTRODES FOR SPACECRAFT
NICKEL-CADMIUM CELLS

by

W.N. Carson, Jr., G. Rampel and I.B. Weinstock

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

January 1968
CONTRACT NAS 5-10261

Goddard Space Flight Center
Greenbelt, Maryland

General Electric Company
Battery Business Section
Gainesville, Florida



ABSTRACT

Oxygen signal and recombinacion electrodes were developed to pro-

vide reliable charge control for spacecraft nickel-cadmium cells oper-
able over a -20°C to +40°C temperature range in near-earth orbits to
cycle depths of 75%.

The signal electrode voltage output was essentially proportional
to oxygen pressure in the range of 5 to 30 PSIA. Perforﬁance was con-
stant during the test program.

The rate of oxygen recombination provided by the recombination
electrode was greater than required to reduce pressure between charge
cycles. The electrode is also active in recombining any hydrogen
formed in the cell. Utilizing these features it was possible to oper-
ate cells with the negative electrodes nearly fully charged. The
cycle capability of these cells was greater by a factor of more than
10 at 40°C to 50% DOD and more than 8 at 25°C to 75% DOD. The cells
were still cycling at the conclusion of the contract so that the
full capability was not obtained. It was also possible to alter the
cycle regime of cells without a reconditioning procedure, indicating

that the '"memory effect' has been greatly reduced.
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1.0 INTRODUCTION AND SUMMARY

1.1 Background and Objective

The ampere-hour utilization of conventional spacecraft nickel-

cadmium cells; especially in short, near-earth orbits is low,

3
1

due in part to the inability to safely recharge these cells at

high rates. High rate charging may be safely used, however, if

ez

adequate control of the charge can be provided. This charge

“} control must permit adequate recharge of the cell, but care-
fully limit the overcharge in order to prevent excessive press-

i ure build up and heat generation. Various auxiliary electrodes

| capable of detecting the oxygen generated at the end of the

charge period have been developed and incorporated into

sealed nickel-cadmium cells to provide this control function.

i

The oxygen fuel cell (recombination) electrode is:icapable of main-

taining low cell pressures under conditions of high rate charging.
| When used as a charge control electrode, however, its extreme
sensitivity to oxygen results in essentially "on-off'" control.

The signal from such an electrode saturates whenever a small a-

mount of oxygen is generated in the cell, causing the charge to be

terminated prematurely. Complicated time delay circuitry and/or

trickle charge modes must then be employed to insure full charge.
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Electrodes with output voltages which are proportional to oxygen
pressure (oxygen sensing) have also been developed. These are

good for control purposes since the pressure corresponding to

a given amount of overcharge can be determined and the charging
| cut off by a signal from the auxiliary electrode. This app-
roach has been somewhat unattractive for short orbits, however,
since the decay of the oxygen pressure, and hence the signal,
is slow. As a consequence, the signal voltage at the beginning

of the charge is very near the cut-off value.

A system designed to eliminate the weaknesses of these indivi-
dual electrodes would combine the best features of both in a
single cell. The objective of this program, then, is to pro-

R duce aerospace cells which contain electrodes of both types.

The oxygen sensing electrode is used as the charge control elec~

trode because of its near linear response to oxygen pressure. The
o recombination electrode is employed to maintain the cell pressure
within safe limits and also to return the pressure to a low level
during open circuit and discharge periods. This is especially

advantageous during short orbits, as it insures that the subse-

quent charge will not be terminated by a premature signal from the

control electrode on account of residual oxygen pressure.



|
i

To provide program visibility for reporting and monitoring pur-
poses, and to schedule, the program was broken down into five

tasks, as follows:

1.2 Task I - Oxygen Sensing Electrode

The objective of this task was to develop an oxygen sensing
electrode that will give a linear (or a reasonably close to
linear) response to oxygen partial pressure in the range 5 to

30 PSTA. The appraoch tested and found satisfactory was the use
of an electode in which oxygen reaction rate is under diffusion control.
Several materials were found satisfactory; the material of choice
is a sintered nickel substrate covered with 0.001" Teflon film
serving as the diffusion barrier. This electrode shows good
linearity over the desired pressure range, is mechanically
rugged, and has very rapid response to changes in oxygen press-
ure. The optimum location for this electrode within the cell was
found to be on one broad face of the pack..

1.3 Task II - Oxygen Recombination Electrode

The objective of this task was to develop an oxygen recombination

electrode capable of recombining the oxygen generated by the posi-
tive plates during charging. This electrode must be able to function

over the temperature range of -20°C to +40°C. Selection of elec-

trodes was based upon their polarization behavior.




1.4

During the course of this investigation, a number of electrode
types were evaluated. These included electrodes from the Am-
erican Cyanamid Company, Teflon-bonded electrodes from the
General Electric Company Research and Development Center, and
plaque based electrodes fabricated locally. The electrode se-
lected was a version of the plaque-based electrodes, and consists
of a Platinum catalysed sintered nickel structure with a Teflon

film on the gas face.

The stability of electrode performance over long periods of
time was demonstrated. In addition, it was demonstrated that
the techniques used in preparing these electrodes are capable
of producing electrodes of consistent quality.

Task IIL - Negative Plate Evaluation

The use of carefully selected negative plates minimizes changes

in cell characteristics during cycling. The objective of this task
was, therefore, to select suitable lots of negative plates for use
in prototype and final cells. Three lots of negative plates were
received from manufacturing and subjected to evaluation. The lot
with the highest recombination ability and ampere hour stability

was retained for use in prototype and final cells.
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1.5

1.6

Task IV - Prototype Cell Design

The objective of this task was to bring together the results of
the previous tasks and arrive at a finmal cell electrode config-
uration, A design was proposed, and one pre-prototype cell was
assembled to demonstrate the feasibility of the design. The cell
was subjected to over 100 cycles of operation at rates corres-
ponding to 25%, 50%, and 75% depth-of-discharge over the temper-
ature range of -20°C to +40°C. The performance of the cell de-
monstrated the adequacy of the proposed design.

Task V - Prototype Cell Tests

The objective of this task was to confirm the results obtained

previously and to provide a basis for designing the final cells.

~Prowogype cells were assembled according to the design developed

in Task IV and were subjected to cycling throughout the tempera-
ture range of -20°C to +40°C. Cells cycled at low temperatures

and depths, i.e., to 50% DOD at -20°C and 25% DOD at both -20°C

and 25°C, completed nearly 1000 cycles of operation with no de-
cline in the performance of the cells or the auxiliary electrodes.
The initial cycle tests involving greater depths-of-discharge and/or
elevated temperatures, i.e., to 75% DOD at all temperatures and to
50% DOD at 40°C and 25°C, showed that the cells had a tendency to

lose capacity during cycling. It was possible, however, to



greatly reduce this tendency by proper processing of the cells
prior to cycling. This processing has made it possible to in-
crease cycle capability of cells cycled to 50% DOD at 40°C in

excess of 10 fold.



2.0 TECHNICAL DISCUSSION

2.1 Task I - Oxygen Sensing Electrode

g 2.1.1 Theoretical Approach

Oxygen can be reduced at low, but useful, rates on a

variety of metal surfaces, such as nickel, platinum,

gold, and cobalt, without substantial oxidation of

b
[FN——

the metal. Because the exchange current for oxygen
} reduction is very small, such electrodes show a
mixed potential response very much lower than the

thermodynamic value of 1.23 volts. Although these

[

electrodes are useless for power generation due to their
i low current and voltage capability, they can serve as

the basis of a simple oxygen pressure sénsing system

[u—

when operated in the diffusion-limited region.

The principle of diffusion-limited operation is simple:

The surface of the electrode is covered by a barrier

|
i
i
3
3

through which oxygen is transported by diffusion. The
rate of oxygen diffusion is governed by the area, thick-

ness of the film, nature of the film, temperature, and press-

ure differential:
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r., =kA (P -P) =moles of oxygen/sec.
02 3 o

O 1 s S T S & S v S SR S T UY N
where k 'is the dlffusion constant for the barrier material
A is the area
d is the thickness of the barrier

P is the pressure of the gas side of the barrier

PO is the pressure of the electrode side of the barrier.

If the electrode is operated in the limiting current region,
i.e., the electrode is driven by an external power source
against a suitable counter-electrode such that Po is reduced
to a very low value, the current is linear with pressure P,

and is given by an expression:

i = = é = =
i, = nF r, = knF 3 P = KP = amperes

In a nickel-cadmium cell, the electrode cannot be readily

driven by an external power source, and so that voltage re-

quired to drive the electrode must be obtained from the
electrode itself. This is accomplished by coupling the

electrode, through an external resistance, to the cadmium

electrode.

The general equation for the voltage of the oxygen sensor -




Cd couple can be derived by considering its current, in-
ternal cell resistance, polarizations due to the kinetics

of oxygen reduction, and polarizations due to mass transport
impedances. For the 09-Cd couple voltage at current i,

we have the general equation:

V=i1iX=%8 - RL 1nifi_ -RT 1p i /(i - i) - ix
= e o/ (ig )

where V = 09-Cd couple voltage at current i
X = external impedance
x = internal impedance

E = 0y-Cd voltage in absence of polarization or

current drain

i = current

[
il

exchange current

=t
1

limiting current = KP
R = gas constant, 8.314 vatt-sec/mole - °K
T = absolute temperature, °K
n = number of electrodes transferred, 4 equiv./mole
F = Faraday's constant, 96,484 amp-sec/equiv
The expression %% in i/io is the polarization due to slowness

of the reaction of oxygen at the electrode. TFor oxygen, io

is very small, and high polarization occurs with low currents.



n
i
{
i
K

i
H
i
i

The expression %% 1n ic [(ic - 1) represents the polariza-
tion due to mass transport impedances. Both the oxygen and
cadmium electrodes contribute to this term, and i, is the

current that could be obtained from the cell if the electri-~

cal impedances were mdde . zero.

The effect of changing the external impedance is readily
predictable from the general equation in a qualitative
manner. For low values of the impedance, the voltage is
controlled in large part by the logarithmic terms, and tends
to be‘non-linear with oxygen pressure. At medium values of
the impedance, the RT/nF In i/iO term becomes small, and
the RT/nF in ic/(%c‘—qi)“term governs., This is, for a first
approximation with i a constant fraction of ic, linear with
ic. At larger values of the impedance, the voltage becomes
constant with change in pressure, since the cell voltage
approaches E as i decreases and the current cannot exceed
the value of E/X. These predictions are borne out experi-

mentally.

Teflon film was selected as the diffusion barrier because:

10



!
1
!

2.1.2

1. Teflon is non-wettable, and thus the diffusion

barrier will remain constant during operation since
‘a film of eleétrolyte cannot form on the gdas -side
of the barrier. Films of electrolyte are also sub-
stantial diffusion barriers and must be prevented

from forming, or be made constant in value.

2. Teflon has a high diffusivity constant for oxygen,
and thus thicker films can be used for a given
transport value. This contributes to greater mech~-
anical strength and lessens the chance of deleter-
ious pinholes.

3.

Teflon film is available in a wide range of thick-
nesses and widths, which permits an optimization

of film dimensions without procurement problems.

Sensing Electrode Fabrication

The electrodes are fabricated by pressing the substrate
and film ﬁogether under controlled temperature and
pressure for 45-60 minutes. In some cases, times as
short as 6-10 minutes can be used.

Table I gives the

details of substrates tested, and pressing conditions.

For pressing, a sandwich made of a Ferrotype disk, sub-
strate disc, Teflon film, aluminum foil, and a second
Ferrotype disc was placed in a steel die and pressed.

The Ferrotype discs are used to protect the die surface

11



i TABLE I

SENSING ELECTRODE MATERIALS

R
3

4
o
4

3

FILM
NO SUBSTRATE THICKNESS SUBSTRATE
: MATERIAL (1,2) DESCRIPTION
1 Nickel Sinter 1 mil 0.020" porous nickel (nominal)
4-7 micron pores, 80% total porosity.
Support: Exmet 5 Ni 10-1/0. General
Electric, Gainesville, Florida
'}- 2 " 0.5 mil DO
!
h 3 " 0.25 mil DO
i 4 Nickel Screen 1 mil Exmet nickel mesh 5 Ni 10-3/0.
Exmet Corporation, Tuckahoe, N. Y.
‘? ) 0.5 mil DO
' 6 0.25 mil DO
hi 7 Gold Mesh 1 mil 100 X 100 screen 0.003" pure gold
wire. Cole Roscoe Mfg. Co.,
So. Norwalk, Conn,
}
§ 8 " 0.5 mil DO
8 " 0.25 mil DO
10 Platinum-coated 1 mil 0.010" expanded tantulum mesh
Tantalum Mesh (3) one face covered with 0.00025"bright
platinum. Anode stock, Metal and
Controls, Inc., Attleboro, Mass.
11 Platinum Coated 1 mil 0.010" expanded tantalum mesh, two
Tantalum faces with 0.00025" bright platinum.
Screen (4) Anode stock, Metal and Controls, Inc.,
Attleboro, Mass.

é NOTES TO TABLE I

1. Films were Teflon skived films, Dilectrix Corp., Farmingdale, N.Y.
2, Films were applied as follows:

1 mil 12,000 PSI at 6720F for ca. 45 min.
0.5 mil 8 000 PSI at 672 F for ca 60 min.
0.25 mil 6 000-8 000 PSI at 672 F for ca., 60 min.

sy

All electrodes are air cooled under pressure to room temperature.

3. Mesh approximates Exmet 3/10 style. No designation given by manufacturer.

] 4. Mesh approximates Exmet 3/10 style, but is ribbed so that adjacent strands
are not in same plane.

! 12



from the irregular substrate, and were replaced as nec-

essary in order to assure a smooth outer surface on the

film. The aluminum foil was used to prevent the Teflon
from bonding to the Ferrotype; it is removed by dissolu-
tion in a 25% KOH solution,

After pressing, the sandwich is removed from the die and
carefully separated. The electrode is quenched in warm
alkali to remove the aluminum foil, and after being

washed and dried is ready for use.

2.1.3 Screening Tests

The results of a study made of the response of the
various electrode materials listed in Table I to

oxygen pressure at various temperatures and with var-

ious external load resistances are summarized in Table ITI.
The remarks are based on the visual analysis of the curves
of signal current (milliamperes flowing between the sen-

sing and cadmium electrodes) vs. oxygen pressure (0 to 30

PSTA) at various temperatures and with various load re-

sistances. A current was always obtained g& zero oxygen

pressure, due probably to traces of oxygen adsorbed on the

electrode or dissolved in the electrolyte.

The test data were obtained using dual cells containing




TABLE 11

SUMMARY OF RESPONSE STUDIES
ON SENSING ELECTRODES

i
]
il

ELECTRODE TEST
o NO SIZE TEMP LOAD REMARKS
(1) cm oc OHMS
1 0.86 ~-10 20-200 Linear
4] do. Linear
10 do. Curves upward (3)
25 do. Curves upward (3)
35 do. Linear to 25 PSIA (4)
1 9.8 =10 10-200 Linear to 25 PSIA
0 do. Linear
10 do. Linear
25 do. Curves upward (4)
35 do. Linear
2 0.86 =10 20~200 Curves upward (5)
0 do. Curves upward (5)
10 do. Linear
25 do. Linear
35 do. Linear
2 9.8 ~10 10-200 Curves upward (3)
0 do. Curves upward (3)
10 do. Linear '
25 do. Curves upward (3)
35 do. Curves upward (3)
3 0.86 25 20-200 Sigmoid curve (6)
9.8 25 10-200 Sigmoid curve (6)
4 9.2 10 do. Test cell failed (7)
25 do. Linear
35 do. Linear
4 0.86 25 20-200 Linear
35 do. Linear
| 5 0.86 -10 do. Linear to 25 PSIA (4)
] 0 do. Linear to 25 PSIA (4)
10 do. Curves upwards (3)
| 25 do. Sigmoid curve (6)
] 35 do. Sigmoid curve (6)
5 9.8 -10 10-200 Curves upwards (3)
0 do. Curves upwards (3)
N 10 do. Curves upwards (3)
B 25 do. Curves upwards (3)
35 do. Linear
6 0.86 25 20-200 Sigmoid curve (6)
' 9.8 25 10-200 Sigmoid curve (6)
7 0.86 25 20-200 Erratic behavior on load
9.8 25 10-200 Erratic behavior on load
8 0.86 ~-10 20-200 Curves upwards (3)
0 do. Linear to 25 PSIA (3)
10 do. Linear to 20 PSIA (3)
i 25 do. Sigmoid curve (6)
| 35 do. Sigmoid curve (6)
| 8 9.8 -10 10-200 Linear
0 do. Linear

14




TABLE II

Cont'd
ELECTRODE TEST
NO SIZg TgMP LOAD REMARKS
cm C OHMS
8 10 do. Linear
25 do. Curve saturates (8)
35 do. Curve saturates (8)
, 9 0.86 25 20-200 Curve upwards (3)
§ 9.8 25 10-200 Erratic behavior on load
i 10 0.86 25 20-200 Curves upward (3)
9.8 25 10-200 Curves upward (3)
3 11 0.86 25 20-200 Curves upward (3)
; 9.8 25 10-200 Curves upward (3)
.
{
|

Remarks Table II
§ 1. Refer to Table I for details of electrode.

Curves plotted ma of signal electrode to cadmium electrode
| vs. PSIA oxygen 0-30 PSIA for various loads.

[\V]

Curve increases with increase in oxygen pressure,
Curve flattens at higher oxygen pressures.

Curve linear 0-20 PSIA of oxygen, then curves upward

S s W

Sigmoid curve, not suitable for indicator use over desired
range of 0 to 25+ PSIA. Curve is flat on ends with sharp
rise in middle.

7. Short in nickel-cadmium section of test cell,

8. Curve flattens in higher resistance ranges, showing that
not all oxygen is being reacted upon arrival at electrode
surface.

l4a
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sensing electrodes of 0.86 cm2 and 9.8 cm2 area. These
were mounted in a Lucite frame, and placed against a cad-
mium electrode with a non=-woven nylon separator saturated
with 317% KOH placed in between. Before each series of
tests, the cadmium electrode was charged against a nickel
mesh counter electrode. The oxygen pressure was adjusted
manually, using tank oxygen and a mechanical vacuum pump.
Tests at various temperatures were made in appropriate

cold boxes or ovens,

A typical plot of electrode current vs oxygen pressure for
a fixed temperature at various loads is presented in Figure
1, Data of this type are closely related to cell behavior
of the electrodes, since they are used to detect variations
in pressure. Plots of this type were analyzed in the pre-

paration of Table II.

A three dimensional model would be required to depict the
electrode response for variations in oxygen pressure,
temperature and load resistance. Some idea of the rather
complex behavior can be obtained by using two dimensional
plots of electrode current vs temperature for a fixed oxygen
pressure and various loads (Figures 2 through 9), and plots
of electrode signal vs oxygen pressure for a fixed load at

various temperatures (Figures 10 and 11).
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2.1.4

The figures give the response of nickel sinter and gold

mesh electrodes.

The respounse of both the nickel sinter and gold mesh
electrodes, with 0.001" or 0.0005" Teflon films, are
essentially linear with respect to oxygen partial press-
ure. 1In addition, the magnitudes of the signals generated
by both types of electrodes are essentially the same.

It was concluded, therefore, that either type of elec-
trode would be satisfactory. Nickel sinter was chosen

for further study on account of its lower cost. Larger
area electrodes appear more suitable than smaller, based

primarily upon current carrying ability.

The output of the sensing electrodes was also found to
be highly temperature dependent, as would be expected
from the general response equation and the fact that the
diffusion of a gas through a barrier is also highly de-
pendent upon temperature. The observed dependence, in -
the linear regions, is about 2% per degree centigrade.
This is about the same order of magnitude as for the

diffusion of a gas through a barrier.

Evaluation of Signal Electrodes

A key factor in the use of an oxygen sensing electrode is

27
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the reproducibility of the signal with respect to oxygen
pressure under fixed conditions of temperature and exter-
nal load. This was tested for nickel sinter electrodes

in special test cells.

In the cell, the 9.8 cm2 test electrode was separated
from the cadmium electrode by non-woven nylon saturated
with 31% KOH. The cadmium electrode was continuously
trickle charged during the test at 20 mA. The signal
(sensing to cadmium) current was passed through a 0-1
mA meter relay which had high-low contacts. The range
of the meter was adjusted with external fixed resistors.
The operation of the control for cycling was as follows:
Tank oxygen was admitted to the cell via a shut off
solenoid, operated by the control circuit, and a manu-
ally set flow control valve. 3hen the upper pressure
signal was reached on the meter relay, the oxygen solenoid
was closed and the cell evacuated via a second shut off
solenoid and flow control valve. Evacuation continued
until the lower pressure signal was reached, at which
time the vacuum was cut off and oxygen readmitted. Cell
pressures were monitored with 0-40 PSIA pressure trans-

ducers. Cells were cycled over the temperature range of

28
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-20°C to +40°C.

\

Typical results for a test conducted at 25°C are shown in
Figure 12. The pressure recordings show a series of regu-
lar waves whose period is controlled by the gas flow
%ates: The wave crests represent the cut off pressures
sensed by the electrodes at high pressures, and the troughs
for the low pressures, For a given temperature and load:
(meter plus shunts), the wave crests were within 1-2% of
each other throughout the period of the test. This indi-
cates good reproducibility and rapid response to changes
in oxygen pressure. A response time of about one second
is estimated from the tests. These results demonstrate

that the sensitivity and reproducibility of the sintered

nickel electrode are more than adequate for use in cells,

¢

in order té compieté thé evaluation of the sensing elec-
trode, and determine the proper position for the electrode
in the cell, full scale cells were constructed. Component
parts of these cells are shown in Figure 13. The sensing
electrode is the circular piece in the middle of the bottom
row. Electrode holders to the left and right are used forv

positioning the electrode on the pack face and top, respectively.

29
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Sensing Electrode Test Cell

Components
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Dummy solid pieces were used as appropriate to maintain
equal free volumes in the cells. The recombination
electrodes are shown at either extreme of the middle

row; these were located on the sides of the pack and
were connected in parallel. The total area of the re-
combination electrodes is 17.5 cm2. The nickel-cadmium
cell pack is shown in the center, and consists of 10 neg-
ative and 9 positive plates, with a nominal capacity of

six ampere hours.

Figure 14 shows the completed cell, and the case in which
it is potted. This photograph shows a dummy electrode
holder piece on the top of the cell pack; the sensing
electrode is on the back side (not shown). A thermo-
couple is seen on the left hand side. Electrical
connections to the recombination and sensing electrodes
are the wire leads; the bolts provide connection to the

nickel and cadmium electrodes.

The cells were cycled at various rates and temperatures
with various load resistances in the recombination and
sensing electrode circuits. Tests were carried out using

the control equipment shown in Figure 15. The equipment
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allows charging to a sensing electrode signal, followed
by discharge to a fixed cell voltage. Meter relays are

used for sensing the end of cycle conditions.

Table III gives the pertinent identification of the cells,
Table IV gives the outline of the cycling tests made on
the various test cells, The program was designed so

that each temperature was covered for all electrodég
samples and sensor locations. Each series of tests Qas
run at three current levels: c/6&, C/2, énd C, as 'indica-

ted. !

The signal electrode to cadmium electrode load was held
constant; the meter relay trip point was adjusted for each
temperature to a value corresponding to an oxygen press-
ure of 20 PSIA, in accordance with the signal electrode
calibration curve at that temperature. The latter was ob~-
tained for each cell at each temperature at the beginning
of the series by manually adjusting the oxygen pressure in
the cell over the range O to 30 PSIA, and observing the
signal current. This was a convenient method of selecting
the trip point.for this test, but was not used in later

test programs.

35



5
|
4
i
4

TABLE TIII

TEST CELL CONSTRUCTION

Recombination
Cell Electrode Number 0, Sensor Location
1 REQ8~-1 Top
2 RE(08-1 Top
3 RE08-2 Top
4 RE08-2 Top
5 REO8-1 Face
6 RE08-1 Face
7 RE08-2 Face
8 RE08-2 Face

All cells have two recombination electrodes 2" x 3/4" located
on edge of cell packs. Oxygen sensor electrode is circle

1-1/16" diameter and loca

ted either on top of the cell pack

("top" position) or on face of cell pack ("face' position).
The sensor electrode is nickel sinter with 0.001" Teflon
film. Cell pack is nominal 6 AH capacity.

36



TABLE IV

TEST CELL CYCLE PROGRAM

Temperature, °C

? Cell Series 1 Series 2 Series 3 Series 4
J
1 25 +10 -10 -20
y 2 25 0 -20 +40
| 3 25 +10 -10 +40
4 25 0 -20 +40
. 5 25 0 -20 +40
{ 6 25 -10 +10 +40-
i 7 25 0 -20 -20
8 25 -10 +10 +40

) In each series, the tests were as follows:

Charge Current Recombination-Cd Time Op Sensor-Cd Load
Test Amps Load, Ohms (1) Days Ohms (2)
Q A 1 3 2 20
B B 3 1 2 20
C 6 0.5 2 20

|
j
o

(1) 1Including leads; selected to give 0.6 volt drop at 20% of
charging current.

(2) 1Including leads; cut-off on meter set to operate at signal
corresponding to 20-25 PSIA as determined from calibration
made on cell at temperature of series.
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The effect of top vs face position was mainly on signal

level. The signal for face position electrodes was usually

35-50% greater than for those in top position. The signal
for top position electrodes varied during cycling, de-
creasing to about 802 of the initial value for a given
oxygen pressure and temperature after 15-30 cycles. This
decline was due to poor electrolyte wicking resulting in
drying out of the separator in contact with the electrode.

This decreased signal led to severe overcharging of cell

- #4 during series 3, with damage to the pressure gauge and
| recorder. This cell recovered satisfactorily on cycling
, at 25°C and was used at 40°C to complete the tests. Sig-
nals of face position electrodes were stable, within 5%,
| during the entire test program, indicating that drying of

the separator did not occur.

Each series required about one week to complete, with 3

low rate, 9 medium rate and 18 high rate cycles in each.

A total of 120 cycles was thus acquired for each cell. For
the cells which charged to a cutoff, the charge returned,

to a 20 PSIA signal, was about 1207 of the capacity deliver-

ed. This varied from cell to cell, but never was less
than 110% or more than 135%. Discharge capacities were all

greater than 6 A-Hr.
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2.2 Task II - Oxygen Recombination Electrodes

2.2.1

2.2.2

Electrode Fabrication

Recombination electrodes were fabricated by application
of a Pt catalyst to a substrate consisting of nickel
powder sintered to an expanded nickel strip. The elec=-
trodes are wet-proofed by application of a Teflon suspen-
pension to the gas face of the electrode and subsequently

curing at an elevated temperature.

A number of changes in the structure of these electrodes
were made in order to optimize performance, especially

at the extremely low temperatures. These changes in-
cluded varying the porosity and thickness of the sinter-
ed nickel structure, varying the catalyst loading, and ad-
justing the thickness of the Teflon film on the gas face.
Details of the electrodes fabricated during this program
are presented in Table V.

Experimental Details

The performance of recombination electrodes was evaluated
by obtaining current density-voltage (polarization) curves
for the various electrodes as a function of operating

temperature and oxygen pressure. The cell and components

used in this evaluation are shown in Figure 16.
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Table V

DETATLS OF RECOMBINATION ELECTRODE FABRICATION

Electrode Sintered Ni Plaque Catalyst Teflon
, Group Number Lot Thickness Porosity mg/cm?  me/cpm?
i mils %
}
1 183 5=C 10 74.5 . 1.23 1.96
| 184 5-C 10 74.5 1.25 1.84
2 192 8 14 81.2 2.69 1.77
; 193 8 14 81.2 2.59 1.24
% 195 8 14 81.2 2.67 1.55
1 3 R-1 5. 11 85.4 2.62 0.96
E R-2 5 11 85.4 2.70 1.23
R-3 5 11 85.4 5.00 1.12
g 4 500-1 5 11 85.4 5.16 1.19
B 500-2 5 11 85.4 5.08 1.17
500-3 5 11 85.4 10.29 1.23
? 5 R-4 5 11 85.4 5.00%  1.20%
thru
R-7

*Désign values. Tolerances held were #0.10 on catalyst,
+0.05 on Teflon.
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The stainless steel can is fitted with a removeable cover
which has provision for evacuating and/or pressurizing the
cell, a pressure gauge, a thermocouple for measuring the
temperature of the test electrode, and terminals for

electrical connection to the various electrodes.

The cell assembly is shown in Figure 17. The counter elec-
trode is a piece of sintered nickel plaque, and is welded
directly to the can in order to improve heat transfer and
minimize non-uniform temperature effects. The reference
electrode is a piece of well-aged, partially charged pos-
itive plate. The separator is non-woven nylon, and dips into
a pool of electrolyte, 34% KOH, in the bottom of the cell,
thus insuring a uniform degree of saturation in all tests.
The perforated, corrugated PVC provides access of O2 to

the gas face of the test electrode. Uniform compression

of the components is provided by the two nickel-plated
springs between the lucite face plate and the can wall.

For operation, the test cells, after final assembly and
pressure test, were evacuated to 30 inches of Hg vacuum and
back filled with 02 to the desired pressure. They were then
equilibrated for 16 hours at the test temperature. Follow-

ing this temperature stabilization, current was passed
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Recombination Electrode Test Cell Assembly
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2.2.3

between the counter and test electrodes, causing O, to be

2
generated on the former and recombined on the latter. The
voltage between the test and reference electrodes was then

measured at each current level,

Results of Polarization Tests

The performance of Group 1 electrodes is presented in Figure
18, As can be Been, the electrodes were capable of re-
combining oxygen at substantial rates, at moderate tempera-
tures and pressures, with only slight polariza&ion, Also

it was observed that there was only a slight decrease in per-
formance when the oxygen pressure was reduced from 20 to

10 PSIA. At -20°C, however, the electrodes polarized
severely. In addition, the effect of varying oxygen press=
ure is more pronounced at -20°C. This pronounced pressure
dependence %gd to the conclusion that accessibility of
oxygen to the active sites within the electrode was limit-

ing the low temperature performance.

A number of alterations in electrode structure were maderﬁas
outlined in Section 2.2.1, to improve the low temperature
performance. The use of thinner, higher porosity plaque

resulted in improved performance at -20°C, as did increased
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2.2.4

catalyst loadings. The effect of catalyst loading is

shown in Figure 19.

These improved electrodes are fabricated on a thin
(0,011 inch thick), high porosity (857) sintered nickel
structure, and have a catalyst loading of 5.0 mg/cm2
and a Teflon surface film of 1,20 mg/cm2° Per formance
of these electrodes is typified by electrode nﬁmber

500-2,

[
Ty

Tﬂé performance of these electrodes was compared to

that obtained with a variety of oxygen fuel cell elec~-
trodes. Comparisons were made at 25°C and -20°C. The
fuel cell electrodes evaluated included the General
Electric Research and Development Center Type 511 and
American Cyanamid Company Types E and LBB-3CG. Polari-
zation curves for these electrodes are presented in Fiéures
20 and 21. As can be seen, the 25°C performance of all
the electrodes evaluated are comparable, At the low temp-
erature, however, the improved electrodes developed in
this program offer the lowest polarization, and so were
selected for further study.

Electrode Reproducibility and Stability

Two series of tests were performed in order to determine

whether the improved electrode described above could be

47
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reproducibly made. The first test series was performed
using three electrodes from the same lot. Polarization
curves indicating the range in performance observed at

both 25°C and -20°C are presented in Figure 22.

The second series compared the performance of electrodes
from lots prepared two months apart. The ranges in per-
formance observed at both 25°C and -20°C were siﬁilar te
those shown in Figure 22. These results indicated that
electrodeé of consistent quality could be prepared by the

techniques employed.

An investigation of the stability of recombination elec-
trodes was also carried out. This program consisted of
determining the initial performance of the electrode at
both 25°C and -20°C with 25 PSTA oxygen pressure. The
electrodes were then subjected to storage at 40°C under
25 PSTA oxygen and the -20°C polarization checked at regu-
lar intervals. The high temperature storage should have
accelerated any degradation processes, and the extent to

which these processes affected performance should have

readily been seen at -20°C.
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The results of one such test, involving a total of 144
hours of high temperature storage are presented in Fig-
ure 23. The polarization data presented in this figure
were "Normalized'" by subtracting the open circuit test
electrode - reference electrode voltage from the voltage
measured at each currént. This mormalization procedure
eliminates any errors due to shifts in the potential of
the reference electrode as a result of the high tempera-
ture storage. The fact that the polarization curves are
essentially superimposed indicates that the high tempera-

ture storage did not effect the electrodes.

2.3 Task III -~ Negative Plate Evaluation

2.3.1

Experimental Details

Three lots of negative plates were received from manufac-
turing for evaluation of ampere-hour stability and oxygen
recombination ability. Twelve cells, of nominal 4AH con-
figuration, were assembled from each lot, using a common
lot of positive plate for all cells. Sufficient 347 KOH
electrolyte was added to produce semi-starved cells. The
cells were fitted with pressure gauges and sealed with

epoxy.

In order to determine the ampere-hour stability of the plate,
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a regime designed to promote negative plate fading was
employed. The regime was as follows:

Temperature: Room ambient

Charge: 400 mA for 16 hours
Discharge: 4.0A to 1,0 Volt
Rest: . 7 hours

5 cycles per week
Cycling was continued until the discharge capacities of

the cells stabilized. This required 16-18 cycles.

The oxygen recombination ability of the negative plate was
determined by{observing the steady state pressures in the
cells at various rates of continuous overcharge. The
overcharge rates employed were 400 mA (C/10), 500 mA
(C/8), and 800 mA (C/5). The C/5 overcharge rate is the
upper threshold for continuous overcharge of standard
sealed cells without recombination electrodes and was em-
ployed in this test in order to increase the amount of

data available for use in selecting a suitable plate lot.

2.3.2 Results and Discussion

The capacity versus cycle data for the three lots evaluated
are presented in Figure 24. As can be seen, two lots, 6939

and 6979, behaved essentially the same. The third lot,
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8104, faded to a greater extent.

In addition to the cycling regime, the extent to which neg-

ative plates fade is related to the state-of-charge of the
plate at the time of cell assembly. As no special pre-
cautions were taken in this test to insure uniform states-
of-charge on all the negatives tested, the differences
observed may be due to differences in the original state-

of-charge of the plates.

The pressures developed in the cells during the continuous

overcharge tests were in the range normally observed when
. charging at the rates employed. The pressures developed
in the cells made with lot 6979 plate were, however, some=-

what lower than the others.

Negative plate from lot 6979 exhibited the best balance of
properties -- low fading and low continuous overcharge
pressures -- and so was retained and used in prototype and
final cells,

2.4 Task IV -.Prototype :Cell .Design

2.4.1 Cell Design

Prototype cells were designed with a plate pack consisting




-
]
!

-
i
*
;

H
i
3

of 11 negative plates, 10 positive plates, and non-woven
nylon separator. The recombination electrode consisted
of two pieces, each 1.5 x 5.0 cm. located along the
narrow edges of the pack, with electrical connection
made to the can. The signal electrode of 9.8 cm2 area
was located on one broad face of the pack, the electri-
cal connection being made through a special terminal lo-
cated on the cover. This electrode configuration allowed
for the variation of the resistances between the negative

plates and both of the auxiliary electrodes.

In order to test the mechanical feasibility of the pro-
posed design, one pre-prototype cell was constructed. The
plate pack for this cell was made up with 10 negative and
9 positive plates. Dummies were added to bring the pack
to proper thickness. A recombination electrode of 15 cm2
area and identical to those used in the final prototypes

2
was included, and a signal electrode, of 9.8 cm™ area, was

installed.

After assembly, the cell was subjected to a number of :
manual and automatic charge-discharge cycles in order to

confirm its electrical performance. Results of these
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2.4.2

tests, presented in the following section, were satis-
factory, and the remainder of the prototype cells were
assembled according to this proposed design.

Preliminary Tests

The cell described above was subjected to a number of
tests in order to characterize its performance under a
varie;y of operating conditions. The cell was cycled

;t ;ﬁﬁiéﬁg té&éératures of -20°C, 25°C and 40°C, and at
25%, 50%, and 75% depth-of-discharge on a 60-30 orbit.
Since the cell was constructed with only 90% of the
required plates, the discharge rates were reduced to 90%

of the nominal values for a 6 A-Hr. cell as shown in the

table below:

Depth of Rate,

Discharge Amperes 90% Rate
25% 3.0 2.7
50% 6.0 5.4
75% 9.0 8.1

The cell was overcharged on each cycle beyond the optimum
recharge in order to determine the ability of the oxygen
recombination electrode to maintain low pressures under
these adverse conditions, Charge coefficients (charge
input divided by capacity delivered) in the range 1.30 to

1.92 were employed. Following the charge, the cell was dis-
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charged to 1.0V in order to determine capacity. Residual

capacity was drained by shorting the cell through a one

ohm resistor for 16 hours so that the capacity determined

on any cycle was independent of the previous cycle.

A summary of the cycles is presented in Table VI. 1In
Figures 25, 26, and 27 are shown the cell performance

parameters for 5.4 A (50% DOD) cycles at 40°C, 25°C, and

-20°C, respectively. Also indicated are optimum cut-off
i points for each temperature, representing overcharges

of 40%, 20% and 5% for the three test temperatures.

While the end-of-charge pressures may appear high, it

must be remembered that the cells were overcharged far

in excess of what is required. At -20°C, for instance,

an overcharge of 5-107% should be adequate to fully re-
charge the cell; overcharges of 47-507% were used in

these tests. Had the charge been terminated by a con-

) trol electrode signal at the proper point, the high press-
ures would not have been obtained. This can readily be

seen by reference to Figure 27.

In all cycles at 25°C and 40°C the pressure and signal
both dropped to near zero within the first 30 minutes of

discharge. At =20°C the decline was, of course, slower due g
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2.5 Task V

to the decreased activity of the recombination electrode
and decreased O2 recombination on the negative plates.

In addition, the pressures developed during the -20°C
cycles were much higher than normal due to the great ex-
cess of charge beyond that needed to fully recharge the
cell. Had the charge been terminated after only 5% of
overcharge (instead of the 50% employed) such high press-
ures would not have developed, and the recombination rates

would have been sufficient to bring the cell to a low

pressure during subsequent discharge.

In Figure 28 are shown the performance parameters for the
cell during manual cycling on a 60-30 minute orbit to 25%
DOD. The charge was terminated when the control electrode
signal reached 100wy , and the cell rested at open circuit
for the remainder of the charge period. The reproducibility
of the cell performance over a number of such cycles demon-
strated the electrdcal feasibility of the proposed design.

- Prototype Cell Tests

2.5.1

Test Cells and Equipment

Twenty seven prototype cells of 6 A-Hr nominal capacity were
constructed for cycle testing. Cells were constructed

according to the design outlined in Section 2.4.1. Cells
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were fitted with pressure gauges and thermocouples.

Capacity of the test cells was determined by charging at
C/10 (600 mA) for 24 hours and discharging at C/2 (3.0A)
to 1.0 volt. Capacities were in the range of 6.5 to 7.3
A-Hr. Following the capacity determination, the cells
were pyt on cycle tests, according to the following
scheduie:

Test I:

All pellsat room temperature

All cells at 25% DOD.

Test II:

Three cells at each regime:
Temperature

DOD -20°C 25°C 40°C
25% X X X
50% X X X
75% X

A block diagram of the automatic cycling equipment is shown
in Figure 29. Three such units are required, one for each
rate. A photograph of the control panel and cell monitoring

equipment is presented in Figure 30,

The charge control circuit can be used to terminate the

charge with a signal of from 30mV. Tests of the
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circuitry were carried out, prior to cycling the proto-

type cells, by cycling the pre-prototype cell, described

previously, on a 60-30 orbit to 50% DOD, charging and dis-
§ charging at 6A. Approximately 100 cycles were completed

before this checking-out was terminated.

During these cycles the charge was reproducibly terminated
} by signals of 50 mV and 236 mV. The cycle-to-cyéle re-
v“i producibility of the controller can be seen in Figure 31
which shows the signal response during four consecutive
3 cycles. Also indicated on the figure are the duration of
the charge, open circuit, and discharge portions of the
g cycle. The cell received about 25% overcharge during these
cycles, and the pressure at the end of charge was about
. 25 PSIA.

- 2.5.2 Electrode Circuitry and Control Settings .

The impedance between the recombination electrode and the
negatives must be selected so as to limit the recombina-
tion current to a fraction of the charge current. Thus all
the oxygen generated before the cell is fully charged will

be recombined at a low pressure. When the positive elec-

trodes go into overcharge the rate of oxygen evolution ex-

ceeds the rate of recombination, and the cell pressure rises.
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The control electrode senses this pressure rise and re-

sponds in proportion to it.

The recombination¢electrode load impedances originally
selected were in the range 0.0l to 0.25 ohm. At these
low values the recombination of oxygen was too effective,
and the cell pressures did not rise high enough to obtain
adequate signals from the control electrode. Impédances
in the range 0.50 to 3.0 ohms were found to effectively
limit the recombination current, depending upon charge
rate and temperature, and result in adequate pressure

rises for control purposes.

At very low rates, i.e., C/6, at moderate temperatﬁres, the
higher impedances must be used (see Section 2.1.4). At
rates higher than C lower impedance values, 0.5 ohm, may
be used and still have an adequate pressure rise. Load
impedances of 1.0 ohm were found to give adequate, but not
excessive, pressure rises in cells over the entire -20°C to
+40°C temperature range for charge rates between C/2 and

1.5 C, and so were used for cycling the prototype cells,

2.5.3.

Selection of the proper control electrode signal to be used
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2.5.3

for terminating the charge is, of course, necessary to in=-

sure proper cycling.

Results obtained during the signal electrode evaluation,
Section 2.1.4, demonstrated that these electrodes could

be used to reproducibly terminate the charge when the cell
pressure reached a predetermined value, It was observed,
however, that the percentage recharge accomplished by
charging to an arbitrarily selected pressure was different
from cell to cell. For example, when the charge was termin-
ated at 20 PSTA oxygen pressure, the percentage recharge

varied, on different cells, from 110 to 135%.

In order to charge a cell to a specified percent overcharge,
using a control electrode signal, it is necessary to deter-
mine the signal corresponding to the desired overcharge,
under the same conditions of cycling to which the cell will
be subjected. The controller is then set to terminate the
charge at this signal. This was the procedure followed in
the prototype cell tests.

Results of Cycle Tests

Test I: All cells were conditioned by cycling at 25% DOD

at room temperature., As in all cycle tests, the cells were

charged and discharged at the same rate - 3.0A in this test =«
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and the charge was terminated by a signal from the control
electrode. The test lasted one week (82 cycles) as this
was sufficient time to determine that the cells and con-

trol equipment were performing in a satisfactory manner.

Typical cell performance parameters observed during this
test are illustrated in Figure 32, Neither cell pressures
nor control electrode voltages were monitored during this
test, but the constancy of the percent recharge is evi-

dence of stable and reproducible performance.

Test II: The performance of the prototype cells was inves-
tigated over the -20°C to +40°C temperature range by cycling
according to the schedule presented in Section 2.5.1. A

summary of the cycles completed is presented in Table VII.

Low Temperature (-20°C)Cycling: Two batteries, B and C,

were subjected to uninterrupted cycling at -20° for about
seven weeks, completing 775 and 777 cycles to 50% and 257
DOD respectively., Performance of the cells during typical

cycles is shown in Figures 33 and 34.

Cell pressures and control electrode voltages were moni-

tored periodically during the cycling, and the results
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TABLE VIT

SUMMARY OF CYCLE TESTS ON

PROTOTYPE CELLS

BATTERY TEMPERATURE CYCLES
DESIGNATION °C %, __DOD COMPLETED
B -20 50 775
C -20 25 777

D 25 75 380(2)

E 25 50 280(3)

F 25 25 818

H 40 50 150(2)

J 40 25 175(3)
NOTES:

1. EACH BATTERY CONSISTS OF THREE CELLS
2. CELLS RECEIVED SPECTAL PROCESSING

3. CYCLE TESTS DISCONTINUED DUE TO FALLING
END-OF~-DISCHARGE VOLTAGES
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were essentially constant. End-of-charge pressures for
battery B, for example, were in the range of 15-18 PSIA,
and with the trip level set at 60 mV, the charge returned
was 105-109% of the capacity delivered. The constancy

of these results show that there were no changes in the
characteristics of either the recombination or control

electrodes as a result of this low temperature cycling.

Ambient Temperature (25°C) Cycling: Ambient temperature

cycling was carried out at three depths-of-discharge,
25%, 50%, and 75%. Typical performance of a cell cy-

cling to. 25% DOD is presented in Figure 35,

The performance of the cells gycled to 25% DOD at 25°C
was essentially constant for the duration of the test,
which was continued for over 800 cycles. End-of=-charge
pressures were in the range of 12-16 PSIA, and with the
control electrode ﬁrip level set at 150 mV, the recharge

was between 120% and 125%.

A downward trend was observed, however, in the end-of-
discharge voltages of the cells cycled to 50% and 75% DOD,
as shown in Figure 36. Such trends have been observed
previously in Ni-Cd cells without auxiliary electrodes sub-
jected to cycling at deep discharges and/or elevated temp-

eratures.
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These trends have been associated with changes occurring
in the negative plates. It is possible, however, to min-
imize these changes by suitably adjusting the state-of-

charge of the negative plates prior to cycling.

The negative plates in a cell can be discharged a speci-
fied amount by adding the ampere-hour equivalent of
oxygen. Similarly, the negatives may be precharged by
venting the proper amount of oxygen from a cell during
overcharge. The state~of-charge adjustments employed in
this work involved this general precharge method, and the
differences were in the extent of precharge and in cer-
tain of the details in the process, such as temperature,

charge rate, etc.

The efficiency of this treatment can be seen by reference
to Figure 37 in which are presented the end-of-discharge
voltages of cells cycled to 75% DOD at 25°C before and
after precharge of the negative plates. It is seen that
this treatment increased the cycle capability of the cells
by a factor of eight, and the cells were still cycling
satisfactorily when the tests were discontinued. Although
the cells which had been cycled to 50% DOD at 25°C also

exhibited a downward trend in end-of-discharge voltage,
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they were not subjected to this additional treatment.
From the results observed with the 75% DOD cells, how-
ever, it seems justifiied to assume that this treatment

would also have benefited these cells.

High Temperature (40°C) Cycling: Cells were cycled to

25% and 50% DOD at 40°C. Cells were originally subjected
to cycling without precharging the negative plates, and
their cycle capabilities were limited. Cells cycled to
25% DOD were operated for opnly 175 cycles before they
were removed due to falling end-of-discharge voltages.
Cells cycled to 50% DOD lasted only 19 cycles before they
were removed; the end-of-discharge voltages at this time

were about 0.70 V.

The cells which had been cycled to 50% DOD were then sub-
jected to negative precharge. The results were again very
encouraging. After treating, the cells cycled to 50% at
40°C for about 100 cycles with the end-of-discharge voltages

stable between 1.10 and 1.15 V. Typical performance during

xthis cycling is shown in Figure 38. Following these cycles,

one cell, after being charged at 6.0 A at 40°C, was taken to

25°C and discharged to 75% DOD. Cycling at 25°C to 75% DOD
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was continued for an additional 56 cycles, with the end-
of-discharge voltage of the cell being stable between 1.07
and 1.14 V. The cell was then subjected to 60 cycles to
50% DOD at -20°C, with the end-of-discharge voltages in the
range 1,10 to 1.15 V. 1t should be noted that the above
changes in cycle regime were accomplished without inter-

ruptions for cell reconditioning, etc.

Two groups of cells were subjected to negative precharge,
and in both cases the cycle capabilities were signifi-
cantly increased. Both groups of cells were precharged in
essentially the same manner, although there were minor var-
iations in the conditions under which the precharge was
accomplished. 1In order to further confirm the improved
performance obtained by precharging the negative plates, and
also to determine the best method of accomplishing the
precharge, an additional series of tests was conducted.

These tests are outlined in Table VIII.

Results of the tests were as follows:

Test A: After completing the precharge, the extent of pre-

charge accomplished was determined by fully discharging the
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TEST A

TABLE VITT

SUMMARY OF CELL PROCESSING EXPERIMENTS

PURPOSE : Determine the best technique for state-of-charge
adjustment.

SAMPLE SIZE: 9 cells; 3 per technique.

PROCEDURE : 1.

2.

TEST B

Recondition cells by applying 142 short for 16 hours.

Adjust negative plate state-of-chagre, using three
techniques:

a) Flood cells. Charge at C/6, -20°C, with vent open
for 16 hours. Remove excess electrolyte.

b) Charge at C/6, -20°C, with vent open for 16 hours.

c) Charge at C/5, 25°C, with vent closed. Periodically
vent cell until desired A-Hr equivalent of
oxygen has been vented.

Determine the amount of adjustment accomplished by
each technique.

PURPOSE: Confirm improved performance.

SAMPLE SIZE: 4 cells.

PROCEDURE : 1.

2.

Recondition cells, as in A-1.

Adjust negative plates using the best technique
of Test A.

Cycle two cells at each regime:
a) 75% DOD at 25°C

b) 50% DOD at 40°C
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cells and then observing the quantity of oxygen required to
discharge the residual negative capacity. It was found
that method ''C" resulted in not only the largest extent

of precharge, but also yielded the most reproducible
results. This method was then applied to the cells of

Test B.

Test B: All cells were subjected to negative precharge,
per method 'C". The cells were then subjected to cycling
at both 25°C to 75% DOD and 40°C to 50% DOD. These re-
gimes were chosen for this evaluation as the efficiency of
the treatment can be determined after relatively few
cycles., The treated cells were operated for about 100
cycles at both regimes, and the end-of-discharge voltages
were in the ranges observed‘previously, around 1.10 V

for those at 40°C and 50% DOD, and 1.05 V for those at

25°C and 75% DOD.
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3.0 CONCLUSIONS

The results presented in this report demonstrate that the cells devel-
oped under this contract represent a significant advance in the state-
of-the-art. They have demonstrated their ability to cycle uunder con-
ditions which cannot be met by cells of conventional design. Proto-
type cells have cycled for prolonged periods over the entire -20°C to
+40°C temperature range to depths-of-discharge of 50% (to 75% at 25°C)
on 90 minute orbits. In addition, it was possible to change from a 50%
DOD regime to one at 75% DOD without reconditioning of cells. This
indicates that the memory affect observed in the past has been greatly

reduced.

This extension in cycle capability is the result of two interacting
factors: the recombination electrode and the adjustment of the state-

of-charge of the negative plates.

The recombination electrode has as its primary function the mainten-
ance of safe pressure levels within the cell by recombining the oxygen
generated by the positive plates during charge. It also returns the
pressure to a low value during the open circuit and the discharge por-

tions of the cycle. This insures that the subsequent charge will not

/

88



|
4
§
i
i

R

3
{
i
4
i

be terminated by a premature signal from the oxygen-sensing control
electrode on account of residual oxygen pressure. These electrodes
possess another feature, however, which has heretofore been overlooked.
They provide a catalyst which can promote the reaction between hydrogen
and oxygen. In this manner, they also prevent excessive pressure

build-up due to an accumulation of hydrogen in the cell.

As cells can be built with a mechanism for the safe removal of any
hydrogen generated, they can be constructed with a larger percentage
of their excess negative capacity in the charged state. Cells so
constructed have only one limiting electrode, the positive, and so

the problems associated with the negative plates are minimized.
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4.0 RECOMMENDATIONS FOR FUTURE WORK

While significant extensiens in cycle capability of cells have been
demonstrated, the full extent of the improvements a;hieved are not
yet known. In order to further extend the new technology developed
in this contract and to extend the usefulness of auxiliary elec-
trode cells, developments which have made these advances possible
should be investigated in more detail. These are the recombination

electrode and negative plate state-of-charge adjustment.

Recombination electrodes have been used for some time in sealed
nickel-cadmium cells in order to prevent excessive oxygen pressure
build-up during charge. The limited cycle capability of certain of
these cells at elevated temperatures and deep discharges have some-
times been associated with the operation of this electrode. Results
presented in this report, however, show that cells containing recom-
bination electrodes are capable of prolonged cycling under these
conditions, if the cells are constructed with properly adjusted neg-

ative plates,

There are, however, certain aspects of the operation of recombina-
tion electrodes which should be investigated. The first of these is
the long-term behavior and stability of the electrode itself. Any

loss in recombination ability with time would result in higher cell
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pressures. In addition, the loss of catalytic activity would effect
the electrode's ability to combine hydrogen and oxygen. The extent,
if any, of the migration of the catalytic agents from the electrode

to other areas of the céll should also be investigated. The effect

of the recombination electrode current on the nickel-cadmium cell

pack should also be @&valuated.  ’.

While the effects of adjusting the state-of-charge of the negative
plates on the cycle capability of recombination electrode cells
have been shown, the results can only be considered as preliminary.
The tests were not of sufficient duration to determine the full
extent of the improved cycle capability obtained. In addition, the
extent and method of accomplishing the adjustment were not fully
investigated. A study aimed at investigating these parameters
should be carried out in order to optimize the process and receive

the maximum benefit from it.

The positive plates, now the limiting factor in cell performance,
should also be investigated. Work should be directed at improving
their high temperature capability especially. In addition, the
chemistry and distribution of the electrolyte should also be scrutin-

ized.

Tests to evaluate the various parameters outlined above should be

carried out over a wide range of temperatures and cycle regimes.
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Suitable controls should also be included in the test program. In

this manner all the factors affecting cell performance can be deter-

mined.

The results of such a comprehensive program should be a further
extension in the state-of-the-art. The criteria for building
auxiliary electrode cells with prolonged cycle capability would
be well defined. 1In addition, the optimum cycle cépditioﬁﬁ for
such cells could be determined. The sum total would be to further
extend the usefulness of such cells for spacecraft applications.
By increasing the deep cycle capability of cells, it should be
possible to use cells with less reserve capacity and, hence,

attain greater utilization of watt-hr/1lb capability.
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5.0 NEW TECHNOLOGY

The work done under this contract has resulted in several signifi-

cant advances in the state-of-the-art. The significant new develop-

g ments are:

& a) control electrodes, which when connected through a suitable

s

resistance to the negative plate, generate signals which are

approximately linear with oxygen pressure;

b) recombination electrodes suitable for improving the utility
of the control electrode,.and protecting the cell from over=-
pressure during sustained over-charge, and which are operable

over the temperature range of -20°C to +40°C;

y c¢) methods for building cells, incorporating recombination and
control electrodes, which possess superior cycle capability at

deep discharge and/or elevated temperatures.
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